• Pre-training lesions of the retrosplenial cortex (RSC) had no impact on renewal after extinction of conditioned fear.
experiments, contexts are often operationally defined as the background stimuli that are provided by the experimental apparatus. They typically differ in their olfactory, tactile and visual characteristics [5] . Extinction is thought to be context dependent because under a variety of circumstances extinguished responding will recover when the context changes (see [4] ). For instance, in renewal, extinguished responding returns when the CS is presented in a context different from the one in which it was extinguished (e.g., [6] ). When conditioning occurs in one context (A) and extinction in another (B), responding returns when the CS is then presented in Context A (i.e., ABA renewal, [8] ). Renewal also occurs when testing takes place in a neutral third context (i.e., ABC renewal, [6] ) or when conditioning and extinction both occur in Context A, and the CS is then tested in Context B (i.e., AAB renewal, [11] ). The ABC and AAB forms of renewal are especially important in that they demonstrate that removal from the context of extinction is sufficient for renewal to occur. Since a return to the original conditioning context is not required, extinction must result in inhibitory learning that is specific to the extinction context (e.g., [1] ). Hypothetical model of Pavlovian extinction (e.g., [13] ). "CS" = conditioned stimulus, "US" = unconditioned stimulus. Arrow indicates an excitatory association between the CS and US, while the blocked line indicates an inhibitory association. The inhibitory association requires input from both the CS and the Extinction Context.
Behaviorally, it is reasonably well accepted that the extinction context acts as a negative occasion setter and modulates an inhibitory association between the CS and US [1, 2, 4, 9, 10, 13, 50] . As shown in Fig. 1 , inhibition between the CS and US requires input from both the extinction context and the CS. When the CS is tested outside the context of extinction, inhibition is not present and responding recovers. The behavioral understanding of extinction has informed an understanding of the neurobiological mechanisms of extinction and renewal (for reviews see [31, [33] [34] [35] ). The overall circuit includes the amygdala and the medial prefrontal cortex, with the hippocampus playing a central role in contextual encoding and retrieval of extinction (e.g., [33] ). A role for the hippocampus is supported by the finding that lesions of the dorsal hippocampus eliminate ABA renewal of freezing behavior [23] , and temporary inactivation of the dorsal hippocampus at the time of test eliminates AAB and ABC renewal of freezing [16] [17] [18] . However, although data such as these support the notion that the hippocampus has a crucial role in the contextual modulation of extinction, there are several studies that have failed to find hippocampal contributions to renewal (e.g., appetitive conditioning, [15] ; conditioned suppression, [21, 55] , see also [57] ). This suggests that, at least under certain conditions, alternative regions/pathways are responsible for the contextual encoding and/or retrieval of extinction.
The purpose of the present experiments was to examine the role of the retrosplenial cortex (RSC) in extinction and renewal using a conditioned suppression paradigm. Importantly, using nearly identical methods, Bouton and colleagues reported no effect of either pre-training hippocampal or fornix lesions on ABA renewal [21, 55] . Thus, under these parameters, some other region or pathway must be responsible for contextual encoding and/or retrieval of extinction. The RSC is a suitable candidate given it is anatomically well positioned to process contextual information [46, 56] . For example, the RSC has reciprocal connections with visual-spatial processing areas, as well as several regions in the parahippocampal -hippocampal memory network, and is considered part of the "where" processing stream (e.g., [14, 40] ). Indeed, the RSC is critically involved in contextual and spatial learning and memory (for reviews see [14, 38, 48, 40, 52] ), which is consistent with its potential involvement in the contextual encoding/retrieval of extinction.
Experiment 1
The experimental design for Experiment 1 is presented in Table 1 . All rats received Sham or electrolytic lesions of the RSC Note. "A" = Context A and "B" = Context B. "L" = flashing light CS. " + " = footshock (.5 mA, 0.5 s), and "-" = nonreinforcement. Renewal testing was within subject with test order counterbalanced. Half of each group was tested in A and then B, and half were tested in B and then A.
prior to training. Then, using a conditioned suppression paradigm, all rats received pairings of a visual CS with footshock in Context A, while receiving equal exposure to Context B. Extinction then occurred in Context B with equal exposures to Context A. There were no footshocks delivered during the extinction phase. Finally, over the course of two-days, all rats received test presentations of the CS in both the extinction (B) and renewal (A) contexts in a counterbalanced order. During the test, no footshocks were delivered. In addition to providing the first test of RSC involvement in ABA renewal, Experiment 1 is also one of the first to examine the effect of RSC lesions on conditioning and extinction in a conditioned suppression paradigm (cf. [49] ).
1.1. Method
Subjects
The subjects were 16 adult male Long Evans rats, obtained from Harlan Laboratories (Indianapolis, IN), and were about ∼60 days old upon arrival. Rats were housed individually and allowed at least 6 days to acclimate to the vivarium prior to surgery. Food was available ad libitum (Purina standard rat chow; Nestle Purina, St. Louis, MO). Throughout the study, rats were maintained on a 14:10 light-dark cycle and monitored and cared for in compliance with association for Assessment and Accreditation of laboratory Animal Care guidelines and the Dartmouth College Institutional Animal Care and Use Committee. All rats had previously been in an aversive conditioning experiment, and a Pavlovian conditioning experiment with visual and auditory stimuli and an appetitive reinforcer. However, they were naïve to the current configuration of the context (i.e., the combination of visual, tactile, and olfactory cues), lever pressing, and the visual stimulus used in the current experiment. The behavioral procedures for Experiment 1 began approximately 2 months following surgery.
Surgery
All surgeries took place over a 4-day period that immediately followed the acclimation period. Subjects were anesthetized with isoflurane gas (1.5%-3% in oxygen) and placed in a Kopf stereotaxis apparatus. The skin was retracted and holes were drilled through the skull above each of the intended lesion sites (see Table 2 ) using the rat brain atlas of [58] . Eight rats received bilateral electrolytic lesions (2 mA, 15 s at each site) of the RSC prior to behavioral training. Control rats received sham lesions consisting of a craniotomy and shallow, non-puncturing burr holes to minimize damage to the underlying cortex. Rats were allowed to recover for at least 2 weeks prior to behavioral training in a separate experiment. Rats were food restricted and maintained at 85% body weight throughout the current experiment.
Behavioral apparatus
Two sets of four conditioning chambers served as the two contexts (counterbalanced). All chambers were of the same standard design (Med Associates, Inc., St. Albans, VT, ENV-007; 24 cm W × 30.5 cm L × 29 cm H) and each was housed in its own sound attenuation chamber (Med Associates, ENV-017 M; 66 cm Note. All anterior-posterior (AP), medial-lateral (ML) and dorsal-ventral (DV) measurements are derived from bregma, midline, and skull surface, respectively (measurements are in mm). RSC = restrosplenial cortex, DH = dorsal hippocampus.
W × 56 cm H × 56 cm D) and outfitted with an exhaust fan to provide airflow and background noise (∼68 dB). Each chamber was outfitted with a food cup, recessed in the center of the front wall, and a retractable lever (Med Associates, ENV-112CM) positioned to the right of the food cup. Each chamber had a panel light (Med Associates, ENV-221 M) mounted approximately 16 cm above the grid floor centered over the food cup, and a house light (Med Associates, ENV-215 M) mounted approximately 24 cm above the grid floor on the back wall of the chamber. Both sets of chambers were illuminated with a 2.8-W bulb (with a red cover), mounted to the ceiling of the sound attenuating chamber.
In one set of chambers, the sidewalls and ceiling were made of clear acrylic plastic and the front and rear walls were made of brushed aluminum. The grid floor was stainless steel rods (5-mm diameter) spaced 1.5 cm apart (center-to-center). In the second set of chambers the rods of the floor were staggered such that odd-and even-numbered rods were mounted in two separate planes, one 0.5 cm above the other. The staggered grid floor provided a distinct tactile feature. The ceiling, back wall, and door were covered with laminated black and white checkerboard paper (1-cm squares) to provide distinct visual cues.
Because these two sets of chambers were located within the same room of the laboratory, in order to prevent diffusion of the olfactory cues we used one olfactory cue for Context A sessions, and a second olfactory cue for Context B sessions. During Context A sessions, 3 mL of Pine-Sol (Clorox, Co., Oakland, CA) and for Context B sessions 3 mL of 10% lemon solution was used (McCormick & Co Inc., Hunt Valley, MD).
The houselight mounted to the back wall served as the visual stimulus. During CS presentation, it flashed twice per second for 30 s. Footshocks (0.5 mA, 0.5 s) were generated by a Med Associates shock generator (ENV-414) connected to each chamber. The reinforcer was a 45-mg grain based rodent food pellet (BioServ, Flemington, NJ). The apparatus was controlled by computer equipment located in an adjacent room. Surveillance cameras located inside the sound-attenuating chambers were used to monitor the rats' behavior.
1.1.4. Behavioral procedures 1.1.4.1. Baseline lever-press training. On the first day of the experiment, each rat was assigned to one chamber (Context A) and received a single session of magazine training. During this session, food pellets were delivered freely on random-time 60-s (RT 60-s) schedule, resulting in 60 pellets being delivered on average. In addition, all lever presses were reinforced with a single pellet. On the next day, all rats received an identical session of training in the alternative context (Context B). On the following two days, rats received a 1-h session in which lever responding was reinforced on a random-interval (RI) 15-s schedule, one in Context A and one in Context B. The schedule increased to RI 30 s for the following two days (one session in A and one in B), and for the next 8 subsequent days (alternating between Context A and B) the schedule was increased to RI 60 s. The RI 60 s schedule was in place for the remainder of the experiment.
1.1.4.2. Pre-exposure. Following baseline lever press training, there was an additional session in Context A, where "baseline" suppression was recorded even though the flashing light CS was never presented. Lever pressing was recorded during 30-s periods for 4 "baseline" trials. The intertrial interval (ITI) for the "baseline" trials was variable, with an average ITI of 13.75 min (±25%). On the next day, all rats received a single session of lever press training in Context B. The third day was the pre-exposure session in Context A. During this session the light was presented 4 times (at the exact times as the previously scheduled "baseline" trials), and as usual responding throughout the session was reinforced on a RI 60 s schedule. On the final day of this phase all rats received a lever press training session in Context B. Extinction occurred over the course of 4, two-day cycles. On the first day of each cycle, all rats received 8 nonreinforced presentations of the light in Context B (no shocks were presented). The ITI was variable, with an average ITI of 6.8 min (±25%). On the second day of each cycle, all rats received a baseline lever training session in Context A.
1.1.4.5. Renewal. Renewal testing occurred over the course of the next two subsequent days. All rats received 4 nonreinforced presentations of the light CS in both Contexts A and B, with test order counterbalanced. Half of the rats in each group were first tested in A and half in B. The other half of the rats received the opposite test order. During the test, the ITI was variable, with an average ITI of 13.75 min (±25%).
Behavioral observations and data analysis
Throughout the experiment, suppression to the light stimulus was indexed in terms of standard suppression ratios of the form x/(x + y), where x represents the number of lever presses made during the 30 s stimulus, and y represents the number of lever presses made during the 30 s period just prior to the onset of the stimulus (pre-CS). Thus, a score of 0.5 indicates no suppression, whereas a score of 0 indicates complete suppression. Trials were excluded in cases where rats failed to make at least 1 press during the pre-CS period (e.g., [39] ). Over the course of the entire experiment (preexposure, conditioning, extinction, renewal), this resulted in a total of 5 trials removed for Sham and 6 for RSC lesioned rats. Suppression ratios and pre-CS scores were analyzed with analysis of variance (ANOVA) using a rejection region of p < 0.05.
Lesion verification and analysis
After the behavioral procedures were completed (i.e., after Experiment 3) rats were deeply anesthetized with an overdose of sodium pentobarbital and transcardially perfused with 0.9% saline for 2 min, followed by 10% buffered formalin for 6 min. Coronal brain sections (60 m) were collected using a freezing microtome and were Nissl-stained using thionin. Using a compound microscope (Axioskop I, Zeiss, Inc.), we identified gross tissue damage as necrosis, missing tissue, or marked thinning of the cortex. Outlines of the lesions were drawn onto digital images adapted from Paxinos and Watson (2009) using PowerPoint at 6 levels along the rostro-caudal extent of the RSC (−1.8, −3.0, −4.2, −5.4, −6.6, and −7.8 mm from bregma). At each level, area measurements where then made with ImageJ, including the total area of the target region and the area of the target region that exhibited gross tissue damage. From these measurements, we report the average percentage of RSC that was damaged. In addition, we report the average percentage of sections across the rostro-caudal plane that exhibited RSC damage (out of ∼24 sections collected for each rat), the average percentage of sections with damage outside the RSC, and the number of rats with damage to regions outside the RSC.
Results

Histology
Fig . 2a shows a photomicrograph of a representative RSC lesion. In Fig. 2b , lesion drawings are stacked onto a single atlas image for each of the 6 coronal levels. Bilateral RSC damage was observed in all rats, and the average area of RSC damaged on each section analyzed was 58.8% (SEM = 7.18). There was minor damage outside the RSC in all rats (e.g., anterior cingulate, visual cortex, motor cortex, cingulum bundle, forceps major corpus callosum). Damage to the RSC was present on 99.1% (SEM = 0.62) of the sections collected for each subject, indicating that damage extended throughout the rostro-caudal extent of the RSC. In contrast to RSC damage, the minor damage outside RSC was present on only 43.9% (SEM = 10.1) of sections collected. Similarly, analysis of pre-CS responding yielded a main effect of trial, F(3, 42) = 4.57, p < 0.01, and neither the main effect of group nor the group by trial interaction were significant Fs < 1. During the first trial block, average pre-CS responses were 12.63 and 13.56 for Sham and RSC rats, respectively. Responding decreased by the final trial block, likely the result of general suppression due to the presentation of shock. During the final trial block of acquisition, the average pre-CS responses were 4.94 (Sham) and 6.94 (RSC).
Extinction.
The results of the extinction phase are presented in the bottom left of Fig. 3 (Panel C). As extinction progressed, conditioned suppression weakened for both groups at a similar rate. A 2 (Group) × 16 (Trial Block) ANOVA revealed a main effect of trial, F(15, 210) = 25.61, p < 0.001. Neither the main effect of group nor the interaction between group and trial interaction were significant, Fs < 1. An identical analysis on pre-CS responding did not reveal any significant main effects or interactions, Fs < 1. Over the course of extinction, the average pre-CS responses were 9.73 and 10.57 for Sham and RSC rats, respectively.
Renewal.
The results of the within-subject renewal test, averaged over all 4 test trials, are presented in the bottom right panel of Fig. 3 (Panel D). Renewal was observed for both groups; there was more suppression in the renewal context (A) relative to the extinction context (B) A 2 (Group) × 2 (Context) ANOVA revealed a main effect of context, F(1, 14) = 50.17, p < 0.001. Neither the main effect of group nor the interaction between group and context were significant, largest F(1, 14) = 1.48, p = 0.24. Thus, renewal was evident and equally strong in both Sham and RSC lesioned rats. Analysis of pre-CS responding did not reveal any significant main effects or interactions, Fs < 1. The average pre-CS responses were 12.39 (Sham) and 9.97 (RSC).
Discussion
The main finding from Experiment 1 was that lesions of the RSC had no impact on ABA renewal in a conditioned suppression paradigm. Further, the fact that RSC lesions had no impact on either acquisition or extinction, extends the generality of previous findings that have demonstrated no impact of RSC lesions on the acquisition or extinction of Pavlovian delay fear conditioning as assessed with freezing [25, [27] [28] [29] . Similarly, a recent study also found no effect of pre-training RSC lesions on extinction of conditioned suppression [49] .
Experiment 2
For Experiment 2, Sham or RSC lesions were made following extinction training. This was done to rule out potential compensation by other brain regions that may occur when lesions are made prior to training, as in Experiment 1 (see [20] ). Post-extinction lesions therefore have the potential to reveal if the RSC is normally involved in extinction learning. In addition, a third group of rats received post-extinction lesions of the dorsal hippocampus (DH), allowing for a direct comparison between the effects of RSC and DH lesions. The addition of the post-extinction DH lesions group also extends previous work by Bouton and colleagues in which lesions of either the fornix or hippocampus were made prior to training [21, 55] .
Method
Subjects
The subjects were 24 experimentally naïve adult male Long Evans rats, purchased from the same vendor as those in the previous experiment and maintained under the same conditions. Prior to the start of behavioral training rats were food restricted to 85% of their baseline weight.
Surgery
The procedure for Sham and RSC lesions was the same as Experiment 1, and the same general procedure was used for lesions of the DH. Eight rats received bilateral electrolytic lesions (2.5 mA, 25 s at each site) of the DH at 8 sites (see Table 2 ).
Behavioral apparatus and procedures
The apparatus and procedures were the same as those used in Experiment 1, with the following exception. All lesions occurred during a 2-day period following the extinction phase of Experiment 2. After 14 days of recovery, all rats received a single baseline recovery session in both Context A and B, in which lever pressing was reinforced on an RI 60 s schedule and no stimuli were presented. Renewal testing began the following day.
Behavioral observations and data analysis
Behavioral observation and data analysis were the same as Experiment 1. As in Experiment 1, trials were excluded in cases where rats failed to make at least 1 press during the pre-CS period. Over the course of the entire experiment (pre-exposure, conditioning, extinction, renewal), this resulted in a total of 5 trials removed for Sham, 8 for RSC lesioned rats, and 0 for DH lesioned rats.
Lesion verification and analysis
RSC lesions were verified and analyzed using the same procedures as Experiment 1. For DH lesions, coronal brain sections (60 m) were collected using a freezing microtome and were Nisslstained using thionin for visualization of the lesion. Lesions were verified by visual inspection of lesion outlines drawn onto images adapted from Paxinos and Watson (2009).
Results
Histology
In Fig. 4a , RSC lesion drawings are stacked onto a single atlas image for each of the 6 coronal levels. Bilateral RSC damage was observed in all rats, and the average area of RSC damaged on each section analyzed was 42.4% (SEM = 3.16). There was minor damage outside the RSC in all rats (e.g., anterior cingulate, visual cortex, motor cortex, cingulum bundle, forceps major corpus callosum). Damage to the RSC was present on 98.8% (SEM = 1.19) of the sections collected for each subject, indicating that damage extended throughout the rostro-caudal extent of the RSC. In contrast to RSC damage, the minor damage outside RSC was present on only 47.48% (SEM = 8.74) of sections collected.
A schematic representation and a photomicrograph of a representative DH lesion are presented in Fig. 4b and c, respectively. One rat died during surgery, and a second was removed from the analysis due to insufficient damage to the DH. In the remaining six rats, the lesions consisted of bilateral damage to areas CA1, CA3, and the dentate gyrus. There was damage to cortical regions dorsal to the hippocampus in all rats, and in two rats there was minor damage to the fornix. Fig. 5 (Panel A) . There was some unconditioned suppression to the flashing light relative to the previous baseline training session (Baseline). A 3 (Group) × 2 (Trial Block) × 2 (Session: "Baseline" vs. "Light") ANOVA revealed a significant main effect of session, F(1, 19) = 40.56, p < 0.01, indicating greater suppression during the preexposure session relative to the baseline session. The effect of trail block was significant, F(1, 19) = 27.93, p < 0.01, as was the interaction between trial block and session, F(1, 19) = 15.22, p < 0.01. As shown in Fig. 5 (Panel A) , unconditioned suppression was stronger during the first trial block than during the second. No other main effects or interactions were significant, Fs < 1.
An identical analysis of pre-CS responding did not reveal any significant main effects or interactions, largest F(1, 19) = 2.52, p = 0.13. The average pre-CS responses during the pre-exposure phase were 8.4 (Sham), 9.9 (RSC), and 9.0 (DH). Neither the main effect of group, nor the interaction between group and trial approached significance, Fs < 1. Analysis of pre-CS responding failed to reveal any significant main effects or interactions, Fs < 1. During the conditioning phase, pre-CS responding averaged 8.1 (Sham), 9.4 (RSC), and 10.4 (DH).
Extinction.
The results of the extinction phase are presented in the bottom left of Fig. 5 (Panel C). One rat from the RSC group lost baseline responding during the first 4 trial blocks. We therefore conducted an initial 3 (Group) × 4 (Trial Block) ANOVA on the first 4 extinction blocks, excluding this rat. This analysis revealed a main effect of trial, F(3, 54) = 13.10, p < 0.01. Neither the main effect of group, nor the interaction between group and trial block were significant, largest F(6, 54) = 1.31, p = 0.27. For the remaining twelve trial blocks (i.e., blocks 5-16), with all rats included, a 3 (Group) × 12 (Trial Block) ANOVA revealed a main effect of trial block, F(11, 209) = 5.88, p < 0.01. Once again, neither the main effect of group nor the interaction between group and trial block were significant, largest F(1.58), p = 0.23.
A 3 (Group) × 16 (Trial Block) ANOVA of pre-CS responding revealed a significant main effect of trial block, F(15, 285) = 2.33, p < 0.01, but no effect of group or interaction between group and trial block, Fs < 1. For the first trial block, pre-CS responding averaged 8.8 (Sham), 9.12 (RSC), and 8.8 (DH). For the final trial block, pre-CS responding averaged 11.1 (Sham), 12.2 (RSC), and 12.3 (DH).
Prior to renewal testing, all rats had one baseline recovery session in Context A and then B, where they were allowed to freely lever press on a RI-60 s schedule. A 3 (Group) × 2 (Context) ANOVA revealed a marginally significant effect of context, F(1, 19) = 4.15, p = 0.056, presumably due to an increase in responding from Context A (first session) to Context B (second session). Neither the main effect of group nor the interaction with context were significant, largest F(2, 19) = 2.49, p = 0.11. In Context A, the mean responses per 30 s period were 7.1 (Sham), 7.2 (RSC), and 7.3 (DH). In Context B, the mean responses per 30 s period were 7.8 (Sham), 8.5 (RSC), and 7.1 (DH). 
2.2.2.5.
Renewal. An initial analysis of all test trials revealed that renewal was mainly evident during the first two-trial block of testing. Thus, the first two-trial block of testing is presented in the bottom right panel of Fig. 5 (Panel D) . One Sham lesioned rat lost baseline responding during testing and was therefore excluded from analysis. On the first two-trial block, a 3 (Group) × 2 (Context) ANOVA revealed a main effect of context, F(1, 18) = 6.33, p = 0.02, indicating more suppression in the renewal context (A) than extinction context (B). Neither the main effect of group, nor the interaction between group and context were significant, Fs < 1. Thus, regardless of lesion condition, conditioned suppression renewed in Context A relative to Context B. A 3 (Group) × 2 (Con-text) ANOVA on pre-CS responding did not reveal any significant main effects or interactions, Fs < 1. During the first two-trial block, pre-CS responding averaged 8.1 (Sham), 9.8 (RSC), and 7.7 (DH).
During the second two-trial block, neither the main effect of context, nor the effect of group was significant, largest F(1, 18) = 1.98, p = 0.18. However, there was a significant interaction between context and group, F(2, 18) = 5.14, p = 0.02. DH rats showed significantly more suppression in Context A relative to Context B (p < 0.01). This was not significant for either Sham 
Discussion
In Experiments 1 and 2, lesions of either the RSC or the DH had no impact on renewal after the extinction of conditioned suppression. However, it seems unlikely that the extent of the lesions was inadequate to produce behavioral impairments. For example, RSC damage reported here is consistent with previous studies that have demonstrated behavioral impairments following RSC lesions (e.g., [25, 27, [42] [43] [44] ). Furtheremore, all DH rats exhibited bilateral damage to area CA1 (as well as CA3 and dentate gyrus), and previous research has demonstrated that selective damage to area CA1 is sufficient to disrupt the contextual modulation of extinction [24] . Nevertheless, the purpose of Experiment 3 was to demonstrate that the RSC and DH lesions made in both Experiments 1 and 2 were significant to affect behavior.
Experiments 3a and 3b
In the third experiment, rats from Experiment 1 and Experiment 2 were tested in an object-in-place procedure [37, 51] . In this procedure (see Fig. 6 ), subjects are first habituated to a set of identical objects in an open field arena. Then, subjects are familiarized to a different set of identical objects. After a short retention interval spent in the home cage, rats are then returned to the arena for a final test session in which one of the objects is now positioned in a different location of the arena. Normal rats spend more time exploring the object located in the novel place, which is thought to reflect memory for where the object was previously encountered. Based on previous findings, we expected that RSC and DH lesions would produce impairments in the object-in-place procedure [37, 51] .
Method
Subjects
The subjects from Experiments 1 were used in Experiment 3a and the subjects from Experiment 2 were used in 3b. After the completion of Experiments 1 and 2, they were returned to ad lib food for 14 days prior to the start of Experiment 3.
Behavioral apparatus
The apparatus consisted of an open field arena (100 cm × 100 cm × 50 cm) constructed of plywood and painted grey (see Fig. 6 ). Sheets of laminated paper containing visual cues were affixed to two adjacent sides of the apparatus. One set of four panels consisted of 42 black circles (diameter 1.2 cm, evenly spaced in rows and columns). The second set of three panels consisted of a checkered pattern (1 cm black and white squares).
In order to monitor behavior, a video camera was mounted to the ceiling, positioned directly above and in the center of the open field arena.
Two sets of two identical objects were used. The objects were created from colorful plastic blocks built into various shapes averaging 5.5 cm × 4 cm × 5 cm. The first set was a pair of cubes, and used only during the habituation session. The second set, cylindrical in shape, was used during the familiarization and testing phase. The objects and apparatus were cleaned thoroughly with quatricide between subjects and trials.
3.1.3. Behavioral procedures 3.1.3.1. Habituation. For three consecutive days each rat was habituated to the arena for 20 min. During the habituation session two identical objects, that were similar in overall dimension to the test objects, were present in the arena. These objects were not used in the place familiarization or place test phases.
3.1.3.2. Place familiarization. On place trials, each rat was placed into the arena with two identical objects, placed 29 cm outwards from the corners or the arena (see Fig. 6 ). Rats were allowed to explore the objects and the arena for 5 min, and were then removed from the arena and returned to their homecage in the testing room for a 5-min retention interval.
Place test.
Following the retention interval, each rat was then returned to the arena for a 3-min test session. Prior to the test session, one of the objects was moved to a new location, 18 cm outward from the corner of the arena. The apparatus and objects were cleaned thoroughly with quatricide between the familiarization phase and the place test.
3.1.4. Behavioral observations 3.1.4.1. Overall activity. During the habituation, place familiarization, and place test, the overall activity of each rat was assessed with Limelight video tracking software (Actimetrics, Wilmette, IL, USA). To do so, the arena was divided into 4 equal quadrants, and the total number of crosses into each quadrant was recorded.
3.1.4.2. Object exploration. Object exploration was scored during the place familiarization and place test. During each session, the amount of total time spent exploring each object was recorded. The rat was counted as exploring when orienting towards the object within a 4 cm radius of the object.
Results
Habituation
In Experiment 3a, the average number of quadrant crosses per habituation session was not significantly different between Sham (94.25) and RSC (94.37) lesioned rats (p = 0.98). However, in Experiment 3b, RSC lesioned rats made significantly more crosses than both Sham and DH lesioned rats (ps < 0.05). The average number of crosses per session was 132.37 (Sham), 131.77 (DH), and 183.58 (RSC).
Place familiarization
In Experiment 3a, during the 5-m place familiarization session, the average number of quadrant crosses for Sham (26. In Experiment 3b, RSC (55.25) lesioned rats made more crosses during the 5-m place familiarization test than either Sham (38.12) Fig. 6 . Schematic representation of the apparatus and procedure for Experiment 3. In the "Habituation" phase, each rat was allowed to explore the environment for 3, 20 min session. New objects were presented for the 5-min place "Familiarization" phase. Finally, for the 3-min place "Test", one of the objects was presented in a novel location in the environment.
or DH (33.33) lesioned rats (ps < 0.01). However, there were no differences (p > 0.60) in the times spent exploring the two objects, averaging 92.98 (Sham), 80.55 (RSC), and 77.60 (DH).
Place test
The results of the final place test, for Experiment 3a, are presented in the left portion of The results of the place test for Experiment 3b are presented in the right panel of Fig. 7 (Panel B) . A 2 (Object: Novel vs. Familiar) × 3 (Group) revealed a main effect of group, F(1, 19) = 4.13, p < 0.05, object, F(1, 19) = 21.92, p < 0.01, and an interaction between the two factors, F(1, 19) = 4.73, p < 0.05. Although Sham lesioned rats spent more time exploring the novel object (p < 0.01), this effect was not significant for either the RSC (p = 0.27) or DH (p = 0.09) lesioned rats. In addition, Sham lesioned rats explored the novel object-in-place more than the RSC and DH (ps < 0.01) lesioned rats. There were no differences in the amount of time spent exploring the familiar object (p > 0.44). Finally, in contrast to Experiment 3b, RSC lesioned rats made more crosses during the final test session than either the Sham (p < 0.01) or DH (p < 0.01) lesioned rats. The Sham and DH lesioned rats did not differ (p = 43). The average number of crosses was 26.25 (RSC), 22.83 (DH), and 39.75 (RSC).
Discussion
In contrast to Experiments 1 and 2, the current experiments found a behavioral impairment resulting from lesions of the RSC or DH. Lesions of either the RSC (Experiments 3a and 3b) or the DH (Experiment 3b) impaired performance in an object-in-place procedure. Although Sham lesioned rats spent more time exploring the novel-in-place compared to familiar-in-place object, RSC and DH lesioned rats did not. More so, Sham lesioned rats spent more time exploring the novel-in-place object than either RSC or DH lesioned rats. One unexpected finding from Experiment 3b was that RSC lesioned rats were more active during the habituation, place familiarization, and test phases than either Sham and DH lesioned rats, as measured by total quadrant crosses. However, this difference in activity levels cannot fully account for the impairments caused by RSC lesions in the test phase, since there was no difference in activity levels in Experiment 3a.
General discussion
In Experiment 1, RSC lesions had no impact on acquisition or extinction of Pavlovian fear conditioning to a visual CS. The acquisition data are consistent with previous studies that have found no effect of pre-training RSC lesions on conditioned responding to a light CS paired with a food pellet reinforcer (e.g., [26, 42, 43] ), as well as studies that measured freezing to a tone CS paired with shock (e.g., [25, 27, 29] ). In addition, it has recently been demonstrated that following delay fear conditioning to a tone CS, extinction is not affected by temporary inactivation of the RSC [28] . Thus, Experiment 1 extends previous findings by demonstrating the RSC is not necessary for acquisition or extinction of Pavlovian fear conditioning in a conditioned suppression paradigm (see also [49] [49] ). The generality of these findings to a conditioned suppression paradigm is relevant because although freezing reliably correlates with conditioned suppression (e.g., [7] , there is also evidence that certain lesions can have a differential impact on freezing and conditioned suppression (e.g., [36] ). Analysis of the functional role of the RSC across multiple conditioning paradigms informs a broader understanding of the RSC's contributions to the expression of fear (e.g., [32] ).
Neither pre-training RSC lesions (Experiment 1) nor postextinction RSC lesions (Experiment 2) had any measurable impact on ABA renewal of conditioned suppression. Thus, the ability of the context to modulate responding to an extinguished CS does not critically rely on the RSC. This extends a recent study examining the effects of RSC inactivation on extinction of freezing to a tone CS ( [28] , Experiment 4). In that study, after conditioning in Context A, extinction occurred in Context B with rats receiving pre-extinction infusions of either an NMDAR antagonist (APV) or vehicle into the anterior RSC. In a drug-free test the next day in Context B, freezing to the tone CS was similar for rats that received either APV or vehicle infusions, suggesting that plasticity in the RSC is not necessary for extinction of delay fear conditioning. However, in that experiment, since testing occurred in Context B it was not clear if plasticity in the RSC was required for the contextual encoding of extinction. It is possible, for example, to impair renewal without affecting the rate of extinction itself (e.g, [23] , Experiment 2) .
Although several studies have demonstrated a role for the hippocampus in extinction and renewal, especially in experiments measuring conditioned freezing (e.g., [16] [17] [18] 23] ), there are other studies, in both appetitive and aversive conditioning paradigms, that have failed to find hippocampal involvement in renewal (aversive conditioning: [21, 55] ; appetitive conditioning: [15] ). For example, Bouton and colleagues found no impact of hippocam- pal or fornix lesions on ABA renewal in a conditioned suppression paradigm [21, 55] . However, since the experiments by Bouton and colleagues, and the current Experiment 1, involved pre-training lesions it is possible that other brain regions were able to compensate for any loss of function induced by the lesions. This reasoning is in line with a dynamic view of memory systems (e.g., [20] ). According to this perspective, there are primary and alternative pathways capable of contextual learning and memory. Although the primary system typically dominates in intact animals, if this pathway is damaged (i.e., pre-training lesions) then other regions/pathways are capable of forming context representations. Since the primary system is thought to dominate in intact animals, post-extinction lesions are expected to have a severe impact on behavior. In Experiment 2, there was no impact of post-extinction lesions of either the RSC or DH on renewal, demonstrating that even when compensation is not possible, neither the RSC nor DH are necessary for renewal of conditioned suppression.
The current experiments, and the experiments by Bouton et al. [21, 55] , examined ABA renewal after extinction of conditioned suppression. In contrast to the AAB and ABC forms of renewal, since ABA renewal involves a return to the original conditioning context, we cannot be sure that removal from the extinction context was the sole determinant of renewal (i.e., the mechanism depicted in Fig. 1 ). At least theoretically, there are several other mechanisms that could result in response recovery upon a return to Context A, including: (1) fear conditioned directly to Context A, (2) fear conditioned directly to a configuration of Context A and the CS, or (3) Context A acting as an occasion setter and modulating the retrieval of the association between the CS and US [22, 12, 8, 39] . It is worth noting that Bouton and King Ref. [8] observed ABA renewal of conditioned suppression, and found no evidence for the former two mechanisms. Since the current experiments did not include independent assessment of the associative value of Context A, it is not possible to conclusively state if any of these mechanisms contributed to the response recovery observed. However, the fact that Experiment 2 examined ABA renewal cannot fully account for the finding that DH lesions had no impact on renewal. Ji and MarenRef. [23] found that electrolytic lesions of the dorsal hippocampus impaired ABA renewal of conditioned freezing, indicating that at least under some conditions the hippocampus is necessary for ABA renewal (see also [57] ). Nevertheless, it remains to be determined if the RSC and/or DH contribute to renewal of conditioned suppression where renewal occurs in a context different from the context of conditioning (e.g., AAB and ABC renewal).
In Experiment 3, we found that RSC and DH lesions impaired performance in an object-in-place procedure, replicating previous findings (e.g., [37, 51] ). Thus, our lesions were sufficient to induce behavioral deficits. It is tempting to speculate about why we found impairments in object-in-place performance, but not renewal, given that both procedures seemingly involve "recognizing" an object or stimulus in a new location or context. However, the numerous procedural differences make this comparison difficult. Nevertheless, it is interesting to note that there is an explicit spatial component to the object-in-place procedure, which might make it especially sensitive to RSC and DH involvement (e.g., [52] ). Indeed, renewal is not observed in conditioned suppression when the only differences between Contexts A and B are their spatial location in the laboratory, and unintended differences between copies of the same box (e.g., [47] ). Thus, RSC involvement in object-inplace performance and not renewal of conditioned fear could be the result of the former placing stronger demands on spatial processing than the latter.
In the current experiments, RSC and DH damage was produced by electrolytic lesions, which damages both cell bodies and fiber tracts, including fibers passing through the region. One benefit of electrolytic lesions is that, in our laboratory, these lesions typically produce more damage to the RSC than neurotoxic lesions (e.g, [27] ), which may be especially important considering size of the RSC (∼8 mm in length). Although these lesions had no impact on renewal, they did impact performance on the object-in-place procedure, demonstrating that damage to either the RSC or DH was sufficient to produce behavioral impairments. However, it is possible that the object-in-place task is simply more sensitive to RSC and DH damage than renewal. Thus, we cannot rule out the possibility that even greater damage to either area would impact renewal. It is worth noting however, that single-site infusions of pharmacological agents into the RSC have been shown to impact behavior (e.g., [28, 29] ), and single-site infusions into the DH have been shown to attenuate renewal of conditioned freezing (e.g., [17, 18] ). Presumably, local infusion would have less of an impact on the entire region than the current lesions, especially with respect to the RSC given its size. These caveats aside, the data reported here suggest that neither the RSC nor DH is involved in renewal of conditioned suppression.
In summary, pre-training RSC lesions had no effect on acquisition, extinction, or renewal of conditioned suppression. Likewise, post-extinction lesions of either the RSC or DH did not impact renewal. Overall, this suggests that neither the RSC nor DH are necessary for contextual encoding and/or retrieval of extinction in a conditioned suppression paradigm. It is still not clear what neural mechanisms support renewal of conditioned suppression, and it remains to be determined why damage to the hippocampus does not impact renewal in this paradigm (see also Refs. [21, 55] ). One possibility is that the conditioned suppression paradigm, which requires extensive exposure to both contexts during lever-press training, might naturally recruit brain regions other than the hippocampus and the RSC. There is evidence, for example, that the hippocampus is not required for contextual fear conditioning that is distributed across multiple sessions [30,see also 45] . However, this is just one of many differences between studies that have found hippocampal involvement in renewal, and those that have not. Additional studies are required to determine what the crucial differences are, and the neural mechanisms that control renewal of conditioned suppression.
